The fusion ignition experiment IGNITEX [l] is based on the concept of a tokomak operating at very high magnetic fields. The toroidal field (TF) and the poloidal field (PF) magnet systems are made of single turn coils which provide the capability to produce very high magnetic fields (20 T) and induce very high plasma currents (12 MA). These magnet systems have very low impedances which impose rather strict constraints on the power supply system in terms of energy (12 GJ), current (150 MA), voltage (10 V), and pulse length (10 8). In addition, the power supply system should comply with the general IGNITEX emphasis on simplicity, reliability, and low cost. A set of homopolar generators (HPGs) can meet these requirements. The characteristics of the HPGs for the proposed T F and PF magnet systems, materials, fabrication procedures, and technologies to be employed in the construction of the generators are described. A preliminary mode of operation for the generators and associated circuit schemes are given. Auxiliary systems needed for operation of the system are described and estimates for the grid power requirements for the IGNITEX facility are obtained and analyzed. A modular approach for the design and construction of small and large versions of the IGNITEX experiment is presented.
Although no generator exists that meets the requirements of the IGNITEX experiment, the technologies needed for it have been demonstrated. The construction and operation of a fill size, 1 GJ, HPG module for the IGNITEX demonstration has been proposed. Achieving controlled thermonuclear fusion in a tokomak device depends upon the ability to heat a plasma of sufficient density to temperatures where fusion reactions will occur while maintaining adequate particle confinement and purity. Ohmic heating has proven itself as the most well behaved, well understood method of raising the plasma temperature. Unfortunately, plasma resistance decreases as its temperature increases, so ohmic heating becomes less efficient as ignition temperatures are approached.
This means that very high plasma currents are necessary to achieve the desired temperatures. As ohmic current in the plasma is raised, a greater confinement field is needed to maintain plasma stability. Conventional tokomak technology, which uses multiturn TF coils, does not permit generation of confinement fields high enough to allow ohmic heating to ignition temperatures. Consequently, recent tokomak devices have relied heavily upon auxiliary heating techniques, most of which tend to compromise plasma confinement and stability.
The IGNITEX concept proposes to use ohmic heating alone to achieve ignition temperatures by using a single-tum TF coil capable of operation at 20 TJ41 In addition, the PF coils are located in the plasma bore to provide maximum coupling with the plasma and thereby reduce flux necessary to induce the very high plasma currents required. To minimize difficulty with joints in the PF coils they are also of single-turn design. Use of proven technologies and simplicity in design and operation form the basis of the IGNITEX device and its power supplies.
Pulsed HPGs have been selected as the power supplies for the IGNITEX experiment for a number of reasons. First, HPGs are inherently low voltage, high-current machines and therefore ideally suited t o fulfill the requirements of the IGNITEX singleturn magnets. Their fundamentally simple design and operation fits well with the general philosophy of the experiment, and continuing development of these machines over the past 10 years has established the required generator technology. For the baseline 1.5 m major radius IGNITEX device, the single-turn, alloy copper TF coil requires 150 MA at approximately 10 V to achieve 20 T on axis. In setting the power supply energy requirements, a pulse length of at least 10 times the anticipated alpha particle confinement time was considered necessary. This results in a 5 s flat top operational requirement on the TF coil. Including a 3 s ramp up and a 2 s shutdown period, the total pulse length is 10-s long. The PF coils also use HPGs as power supplies; however, they operate in a slightly different mode than the TF-coil generators. The PF-coil circuits are purposely underdamped to allow a positive to negative oscillation in the output current to minimize peak current while maintaining the ability to induce adequate plasma current. The pulse shapes for the TF coil and the combined current in the PF coils are shown in figure 1. Design of an HPG power supply to provide a 160 MA, 10 s long pulse is most easily accomplished with a modular approach wherein several generators are used in parallel.
In this arrangement each HPG module drives a pie-shaped sector of the TF coil and thereby reduces the overall size, current rating, and energy storage necessary for each generator. In addition, should differences in impedance between coil sectors exist, the current can be balanced in all sectors by tuning the individual HPGsector circuits. Finally, the use of a modular power supply allows development of the generators to proceed in parallel with the design of IGNITEX since the final number of modules can be decided a t some later date.
Based on preliminary estimates of resistive and inductive energy requirements for the T F magnet circuits, the HPG power supply must store between 12 and 18 GJ for a full-energy discharge.
A set of 12 generators, each storing 1 to 1.5 GJ and rated at 12.5 MA peak current will be needed for the proposed 1.5 m major radius T F coil. The PF coil power supply requirements, in terms of energy and peak current, are less demanding than those of the T F coil. Design currents, voltages, and energies for each of the five P F coil pairs are presented in table 1. With the exception of coil pair #3, the requirements for each pair can be met with a single TF coil module.
Pair #3, which are the plasma elongation coils, are to be supplied by a single, smaller iron-core machine which operates at a slightly higher voltage. In all, 16 of the 1 G J modules and one 40-MJ machine are needed for IGNITM Table 1 
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Shown in figure 2, the conceptual TF coil HPGs are about 4 m in diameter and 2.25 m long. The machine consists of a conventional iron-core HPG for voltage generation and current collection, and a fiberglass reinforced epoxy composite flywheel which stores the bulk of the kinetic energy. Titanium web structures are used to attach the flywheel to the shaft, and a face spline provides coupling t o the 4340 steel ferromagnetic rotor. Support of the rotor assembly is derived from two, high stiffness, hydrostatic radial bearings, and a thrust bearing of similar design. Excitation field for the generator is provided by an opposed pair of water cooled copper field coils located radially outside the current collecting brush sets. General machine parameters for the 1-GJ modules are outlined in table 2. cnAR*mRBnc8 In order to minimize risk associated with the power supplies, critical design parameters well below operating state of the art have been selected. As shown in table 3, brush slip speed and current density are well below present HPG operating levels. Conceptual flywheel design specifies a tip velocity of only 500 d s , while scaled composite structures have been operated to 1,400 m/s. Optimization of the brush design may allow higher flywheel speeds and therefore more compact machines. The steel rotor will be sized to provide adequate surface area for current collection, so without lengthening the rotor excessively, the rotor diameter must fall into a certain range. Rotor angular velocity is then adjusted to provide the design brush slip speed value of 160 d s . Since the flywheel and ferromagnetic rotor are coupled, the diameter of the flywheel dictates its operating tip speed. No attempt to optimize the rotor/flywheel geometry with respect to mass or cost has been made for this conceptual design. To achieve the 60 V design value at full speed and maximum flux density (1.6 TI, the brush sets must be placed only 0.23 m apart.
Therefore a 50% increase in voltage can be realized by a 0.115 m increase in rotor length. Homopolar generator voltage will be finalized once more detailed circuit simulations are completed.
b "* " .
Another attractive feature of the IGNITEX experiment is the low grid power requirements of the HPG power supplies. Because the total energy required for the entire discharge is stored inertially in the HPG rotors and flywheels, power requirements are dictated primarily by the frequency at which full energy discharges are anticipated. Assuming electric motors are used to motor the rotors over a 30 minute period, approximately 18 and 6 MW would be needed for the TF and PF power supplies respectively.
Other auxiliary requirements for the power supplies include hydrostatic bearing oil supply and sumping, vacuum pumping of the flywheel cavity, instrumentation and controls, and excitation field current supply. An overview of auxiliary power requirements are listed in table 4. Operating sequence of the T F coil HPG power supply is provided graphically in figure 3. Initially, the HPG rotors are motored to the desired speed (energy). Once the rotor speeds of the individual modules are properly synchronized, the HPG excitation fields are energized. Voltage generated by each machine is monitored and must be within a prescribed "window" before the experiment may proceed. Discharge of the machines is begun by actuating the brushes onto the rotor and closing the switches in the the TF coil circuits. As shown in figure 3, the HPG excitation is initially maximum to provide sufficient voltage to drive the circuit current to the flat top value of 12.5 MA per module. At that time, the excitation is sharply lowered to drop HPG voltage to the sum of circuit resistive drops. As the rotor energy is extracted and the circuit components become more resistive due to Joule heating, the HPG excitation is raised to compensate and maintain the desired flat top pulse shape. Finally, the excitation is reduced to ramp the TF coil current t o zero as the experiment is shut down. Current in each T F coil circuit is continuously monitored during the entire experiment to insure i t follows a predetermined pulse shape. Homopolar generator excitation level is therefore constantly being adjusted during the pulse to provide not only the desired pulse shape, but also make certain all T F coil sectors are carrying equal currents. This type of control of HPG output current has been experimentally demonstrated previously at CEM-UT using a 10-MJ machineJ71 Plasma breakdown is then produced and the T F coil current is ramped up. Plasma current is induced as the inductive energy stored in the PF coils is transferred back into the HPG rotors, causing them to accelerate in the opposite direction. This inductivecapacitive "ringing" is allowed to complete one full period before the circuit is opened as the current passes through zero at t = 13 s.
Again, the HPG excitation is used to control the pulse shape by altering the circuit time constant as needed.
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4501.m32 Study of controlled, ignited thermonuclear plasmas is essential to making fusion power a viable energy source in the future. Tokomak confinement and ohmic heating are the most advanced technologies in this area and are therefore a logical choice for demonstrating the ability to produce (and allow the study 00 ignited plasmas. Single-turn magnets and HPG power supplies provide the opportunity to use the tremendous experience base in tokomak confinement and scaling to achieve ohmic ignition in a compact, low cost experiment This work was made possible through support from the Texas Advanced Technology Program, the Texas Atomic Energy Research Foundation, and the University of Texas.
Given the ability to build and operate a 20 T TF coil and establish corresponding plasma currents, the ignition margin of a tokomak varies with the geometry of the coil. In general, the ignition margin improves a s the TF coil size is increased. Unfortunately, the current and energy requirements, and cost of the coil also increase dramatically with size. These relationships between performance and cost do provide an opportunity to select the risk in achieving the goal of a controlled ignited plasma against the overall project cost.
To allow future flexibility in sizing of the IGNITEX experiment, a modular power supply approach was selected. If an alternate IGNITEX size is chosen, the TF coil can be powered by greater or fewer machines a s needed. The design, prototype fabrication, and testing of the HPGs can therefore proceed in parallel with the design and analysis which will lead to the selection of IGNITEX major radius. The T F power supply requirements for three versions of IGNITEX are given in table 5. The ITD Program has been established to experimentally verify the components of the experiments. The first demonstration is a 1116th scale, liquid nitrogen-cooled T F coil powered by six HPGs operating a t 20 T.[2,31 This project is presently under fabrication at CEM-UT. In order to demonstrate the HPG power supply technology necessary for IGNITEX, the design and fabrication of one TF coil module has been proposed. An 18-month effort a t a cost of about $6M USD is anticipated for building and testing the device.[ll Once complete, the HPG demonstration will provide further credibility to IGNITEX and provide the power supply design, fabrication tooling, and operating experience needed t o carry out the ignition experiment. 
